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ABSTRACT

Before broader concepts of Tactical Mobility are more satisfactorily

defined, a definition of a narrower concept of Maecbanical Mobility must

be established within the realm of applied mechanics. This also is

needed to guide the engineering profress In the develormet of more mobile

vehicles, and in a physical evaluation of boil-vehicle systems.

Ti~ ti. .llsb-to ortimize mechanical perfor-

manese of vehicles within the given spectra of terrain conditions by

using operations research techniques. Sach an optimised value of

soil-vehicle system has boen proposedd a definition of mechanical

mobility within that system .

(y.h proposed procedure leads directly to the establishment of

mathematical models of mobility within the given system, which in turn

beans that lengthy and costly proving ground technitmues requiring prior

developoent of full pledged vehicles may be substituted with much

faster and cheaper omputirig techniques for mobility evaluation of

vehicle oeope•=_,. .nss::i..d

This enables onr to evaluate nobilities of all the conceivable soil-

vehicle systems pertaining to the given project, which presently Is

physically imponsiblo because of cost and time involved in building and

- testing experimental models. Thus considerable rationalization and

J economy of research and developent policies may be expected in Land Lo-

camotion when using the proposed method of nobility definition.

To foster this approach further rifinemsret of oresently available

! principles of the mechanics of land locomotion must be pursued at an

* i accelerated rate.
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oPEP_.!,4."=L Dai i. TiONs
OF MCHNICA.L MHI=I." OF I4OTOR VEHICLES

PRI2L1)X

The '-vblm is to provide a working method for establishing a

practical definition of vehicle mobility, particularly in off-the-road

operation, with the ultimate purpose of using it as a quantitative

yardstick of iIrNMD PROGR0 S in VhiICIZ DESIN and SOIL-VMICLE

SYSTOM ITALAITONe
bT•=11O ltIOM

ISCE)EOUJU)

1.kth the vehicle usor and designer look for more nobility. While

both .. re that more mobile land 411dc.ls8 are Imperative today, they

often cannot agree %+.at moblity matns.

It appears that the difficulty stems from a duality of viewpoints

-* repo sented by boil sides. Nobility in the current military-technic.al

parliance embodies not only engineering but also tactical values (1. 2).

A rationaliation of such a concept has been extremely difficult to maqy

attempts to do so have demonstrat (3,.,#56,7).

Those attempts have further omiplicated the problem,, since they

have stressed the uwr's aspect of nobility as defined by subjective

aMnd spirica factors influsnm d by the e•perience of each writer (4,8,9).

T.e socittifto viewpolzt which would guide engineering progress by means

of the ba.le principles of meohawie, or a general theory of land loco-

• •.".'.tmotion$ appears to be laggng as Indicated by an almost complete lack

S"of pertinent literature.

Withwot mirdaistng the necessity of satisfying the nobility requre-

il1
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ments sterning from practical users experience# one must agree that a

compromise made predominantly for that purpose does not cont in the

sdof a complete solution of the problem. To the contrary, it tends

to freesz the conventional aid the traditional which may be clearly

seen in the current development trerds of military motor vehicles.

This nmews to Indicate t.hnt an ob ective and rigorous definition

of physical mobility should be introduced with the proper emphasis in

order to establish a clear-cut engineering aspect of the problem within

any broader definition of tactical mobility.

It is believed that without a prior definition of what may be

called tho narrow concept of MECHANICAL MOBILITY9 no such broader

and more general concept of TACTICAL hOBILITY may ever be expressed in

a more satisfactory way than it Is possible today. Yn addition, it appears

quite certain that purely nginý-ering progress in vehicle design and

evaluation cannot be planned without a strict formulation of mobility

concept based solely on t.a mechanics of the soil-vehicle relstio-hip.

THE SCOPE AND THIE iCATURE OF THE PROPOSED MCARILfl7 CONCEPT

Whenever mobilt.ty is defie•, in such terms as a sucoese againat

*purely numerical superiority, 3 for Instance, Its meaning becomes of

unlimited scope. It may include a gneral, clavo o-C values pertaining

to the morale, training decision, human behavior, etc., besides a quantitat-

Iwe slase of engineering values related to t actiono flotatitns thrust,

fuel econ••y maneuverability, eta. 7b start wito the solution of such

a broad pro' am as mentioned before, only the second aspect of the

2



generai :Jcti~i~' cor.cept rnh.-' ,.- r.->st. Thus th: ,,,itered

4ae qaalities of the AuýT o,' ', , ; an) ,,n soy101 on the

quantities related to thir, FCV'S31L.. i:' '..corction i. Accoro.lr.ý',. the

contemplated definition .. :.: '. be exproe.'. :t li' t.-., I a

directly measurable systom ,. ,und, O•"t., v•.t,; ,s: in units

oompounded of these values. I•. will be.. ,., ii, L:'rs o •niole

performance or in composite terms of varicous p-rforin:es determined

on the physico-gecaetrical beekground of terrair.-vehicle systems.

Since the oost in dollars per pound, per foot, and per second in a logical

consequence of this type of evaluation, the monetary value also may be

introduced.

The values of mobility, however, as stated above would have only

a limited degree of generalizatien if the unavoidable variations of

terrain, particularly in off-the-road operation~are not included.

Since the choice of routes and the influerce of eolofjtal and clim-

atological factors is of statistical nature, t.ro frequency and, or the

probability of their occurrence based on observational data

may consititue another value needed in any long range tu.W 'i more

goner- L .!^.sessent of mobility and design.

S4;.-Uity arit0'la established under +,he:&e iasmnptios will not

noane rtirily a&i at a selective eliminatidn -f less buacessfu). types of

vehio%.*b, f.or instsare, until only "the be' t' e ' "•',.-" vahicle
iis adopt.i but they may aim at resolving such ,.,,.:,io . "Iow many"

vehicles of typ- I, type 1I, type Illetc, are rwded In *.,Oer to per-
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form the given task, in the gioen %rea, with the maximum of over-aU

efficiency.,

Only this Approach may fully assess the gains and losses whenever

a single "universal" type locomotion is postulated. This procedure can-

not now be fully used in vehicle evaluation boca,•-o the variouas empirical

irdices of mobility have not been based on the mechanics of soil-vehicle

relationshiF.s and do not allow the construction of mathematical models

which can be evaluated quickly on electronic computers.

The proposed concept of mechanical mobility must embrace all of

the necessary kinds of locomotive performances which leads to a def-

inition of mobility btsed not on a single value but on a number of per-

formane. values such as speed, thrust, acceleration, weight, load,

ftal tciar.Aon, range of action, obitacle crossing. towing power,

buoyarcy,, form, size, etc. To arrive at a cumulative value or values

of various performances specified above, the process of optimization as

applied in C1'fATIONS I•SEARCH will be used.

The optiniation may be performed ii an indefinite nutb•ar of

ways depending on the importance of factors singled out when defining

the ctitiulative values of mobility. There may be NO SINGLE VAWUE OF

OIXILTY but an infinite number of values. The ehoice bet-eon possible

definitions is based WOT on the criterion of TRUENTS3, BUT solely on

the basis of O3EU•Lt•E3 of the given definition in the accomplishment

of the given task.

This situation is not ur.usual. It is the only way in which all

the evaluations may be conducted. For instance, soils may be character-

4



ised from geological, pedologicdl, or civil engineering viewpoint.

Each of these evaluations embraces only those valles which are useful

in pursuing the activity within the given area and foregoes all the

others. Accordingly, in this paper, physical and geometrical soil value=

pertaining to locomotion will be the only ones used.

In a broad sense, the propomed method of def'ning mobility is not

new. It has even been applied at a number of occasions (12). The main

objective of this paper, therefore, is only a formalization of the method

in the light of the latest developments in land locomotion mechanics

rather than a fostering of a new line of approach. Although these new

developments are in the state of "infancy," it is hoped that they con-

stitute a radical step in the rationalization of progress as they

attempt to make it less dependent on (jualitative "indices" and "factors"

of unspecified dimensions.

It thus may be stressed that. in the realm of physico-geometrical

relatic~nships between soils and a vehip4r, there can be NO S114ULE F",100!,'..

for mot-.ity. There is, however, a possibility of the eotablitwent

of a MWHOD by means of which & desired definition of mobility nay be

arrived at with the purpose of 4ccompJishing the particular task in

design and performance evaluation.

A 14-:11OD OF FORULATING A DEFINITION OF MIUCH&NICAL MOBILITY

In accordance with the foregoing remarks, the whole problem may

now be Vreseemted as follows: To arrive at a ,Afinition of mechanical mobility

which can serve as an eviluation of a specific aspect of a problem,

one must combine performance values in i strictly defined way. McordIugly,



the first rtep ij the formulatior of those values. .;,me of them, such

as speed, pVy-load, thru~st, flot-t'on, etc., were menticred before.

Others may be added whenever necessar-:. 5i:ce ill of them depend on

terrain properties, it is recessary to e&,re3s them in terms of vehicle-

terrain relationships.

Assume that there are a number of vehicles 1, II, III, etc., and a

number of terrains B1, B2 , 83, etc. The latter are expected to represert

a typical arose suction of the terrain under consideration and have

been selected and defined in accordance with the methods of &arpling

teclniqu.s and the mechanics of lard locomotion (1U).

By using teot data obtlited at the proving grounds which represent

the same terrain distribution or by applying theoretical analysis,

it is possible to establish numbers pertatining to etch type of pmrfor-

marce. For instance, one may rind th;*t vehicle I will develop speed

(V8 1 )I, in terrain B1, (V62)I, in terrain B2, etc. Vehicle II will

cruise at speeds (VB1)ii, 'j•2)j, etc. Theme valuevi may be tabulated

in what may be called the 13PFk.D kATRIA as shown belowt

errain

Vehicle B2

x (VBI )1  (V82)1  (VB3)I

xI (VBI, 1  (VB2)II (VB3)11

III (VBl)UI (V82 )111  (VB3 )1II

In a similar way, other matrices such as those of payload, fuel con-

r¢ tioror, grader.bility, flotition, fordibility, r-ir4-e of action, time

6



of maintenance, cost, etc., miy be est~blished.

All these conceivable matrices, taken together, represent, in

accordance with the main premiso of this paper, a "parametric" form

of the definition of Mechanical Mobility. Thopse matrices may be optimized

using standard operation research techniques into a single over-all

solution.

In an oversimplified and rather trivial case, for instance, the

following may illustrate the problem. Assume that averake fuel consmption

af vehicles 1# 11 and MII in a specific terrain B may be expressed by

nmbers quoted in the following Fuel Economy Matrixt

Vehicl 2  B3

l 10 15
11 ion a

I11 7 8 10

k~iich vehiales should be selected for an exclusive operation in the

particular terrain in order to minimise the total fuel consumption in

the whole area?

Ass=me that the distances travelled in eich terrain, B,, B2 , and "it

tefain unchanged between vehicles. Then the sought optimAum will take

place when the mam of particu."Ar consumrtions J s a mirDzmum. Taking the

minirt shown in circles on the up.trix it will be found that vehicles

1, II and II operating in 81, B and B3 respectively produce the

minimm fuel consumption of 19 units while any other selection of

S~7



vehicle types would produce a greiter fuel corsumption up to a maxium

of 35 units. Thus in this particular csse, only .he first two tyos ol!

vehicles would be selected and the third eliminated.

As a further illustrition of the similar procedure take the foliowing

matrices of fuel consmption (f), speed (v), payload (p)s

f-matrix v-matrix p-matrix

B2 '~~3 2 B, IB.1B2VP, jBlB2 B,

1 520 25 j20jlj 102 2 1

11 112 15 25 1 515 s 2

li Ia 17 15 10 17 20l 2

Assume that for each terrain D1 , B2. and B3 only one of vehicle

types I, II d ,III will be selected, and that the cargo will be re-

loaded to another vehicle upon sarringL t the terrain border point.

This may be an acceptable and economic solution if distances travefled

in oweh terrain are suffiarently large and if the unloading and ro-

loading of the oargo may be performed in a r.uick way ),r container type

pick-up chassis equipped with hoists and quick acting fastners. If

the time lost for switching free one vehicle to another is neglected,

then the total of 33 -27 combinations must be considered. Assuing

for the sake of simplieity that distances travelled In oach terrain

or* equalv it will be obtaineda



a, B; B v f /f

1 1 60 IM. 1! 0.?
_ 6! 60 l7. i.8 0.58

K I 11 53 IAR.C OM.7
T •U 55 xý.6 13.8 o.T

1.IK57 It. .- ty 25
If 1 , i,9 1 12.9 o.'3

XK53 12 1. 11.2 0.21
it K! 7! 52 15.4 2 31.8 0.61
I! it K 52 12.9 2 12.9 0.25
it II 1 42 16. h 3 49.2 1.17
IT II 55 15.9 2 31.8 0.58
1! 111 11 5h 16.6 2 33.2 0.61
K I IT . ,.A 0,63
IU IT i! i 13.5 2 27.0 0.56
III IT ITT ho 11.1 3 U32 1.06
III 3:I Kl 50 11.6 1 21.6 0.23
tit 111 xx 50 11.0 2 28.0 0.56

111 43 13.8 2 27.6 0.64
lit K! 1! 38 13.8 3 h.1d.3 1.09
I III li 4.7 18.9 2 37.8 0.O0
IT KU l! h41 17.1 3 51.3 1.16
1 it 111 15 18.0 2 36.0 0.80
U1 ITT 5h. 13.3 1 1393 0.25
Uit IT I h5 11.3 1 11.3 0025
KUt I 1 53 13.5 2 27.0 0.51
I TIT 1 5? 16.3 2 36.6 o.61
U1 1 TIT V 1? !6A 2 32.8 0.70

7,p a wpmea to the pallad dalivery rate and T/f 1i the payload

delvery rate per quantity of fml e umd ubleb smh ould be mziumiod.

1a the shove Optimiatioee it Was Soommd that each Vehicle carie.s,

tO. amnm paloead as restictod by the les favormble terai - vaoelo

tMp embmbatim an Y 1Flr t"UlV, 1myloas'mie i (Pn ) xu ne)IP d (ft3)!!

monut to 2p 1 ml 3 repsoetivel. The mniommm of 2 bas bees sseioted

Sofoorinoy for an ..em all oprat~mm and to shom in Lin 1-Iolo-Ip

Vmner the eow8i p.

It resoltit tram that example that the eptimm It•vory of Carp

9



per unit of time will be provided by the combination of vehicles Ir.11-U-t

(,p z 51,3) while th. most economic operation which will deliver the maximam

pv/f payl• -..r , of fuel burned is the combination ii-I-III

(v x p/f s 1.17,,, '.e best speed belonge to the coctbinatton of 1.III-III

(v a 18.9).

o, final choice of "most mobile* vehicle depends on what i9 more

Important - futl economy, delivery ratep or speed of operation. A cow-

promise tan be msa easily wben using tha tomary matrix as previously

dfonused nd asuming operational values other than those seneidered

in the definition of mechanical nobility.

In a similar way the obstacle crossing ability, for instance# may

be inoluded in. the mobility definition by establishing a matrix of

pa•eui wuidths of obstaeles which may be essed in the given terrain

by the gviA vehigle. It to this matrix# the frequency of occurrence

of these obstecles or the probability of their encountering is addedv

then one may ah•oo the Rost kobt1e' vehlale based on the optirmtu

payload, for *valse, djltver•.• per unit of tims and per unit of fwil

oemswe while eonsidering the probability that only the mdnimn per-

eeroage of vehielis will never arrive to the destination because they

will be MIlA up by too vide ditehos, rivers, or streas,.

The exmplos quoted illustrate that many criteria my be choeen

vq,*4.40-il 4fIvnition of mobility. They also illustrate the

RUT2If PMITS OF QDILITT which depend on the performed optimization.

In additiong they demonotrte tViet tho mantng of 4&,ese merits mlr

ine NLLX within MftCLR-TYPRAIN STS7P under eonslAeration.

10



A sti].l broador scope of dcfining vehicle mobility within the

terrain-vehicle syutem may be econ in a e . when the probl, ility of

occurrence of changes in terrain conditions due to the eoclopical climate

or other variations are considered. Lx'un;'les of such procedure are bhown

in Appendix I in two examples of mobility evaluqtion in which one case

is based on Time, or Speed Criterion, while the other pertains to the Cost

of moving certain payload under the abs;ured ter;n.n conritions.

If the distances travelled vary and/or are s3,b~oct Lo specific

selections of routes, other criterlhi which may involve 3tltisticil analysi.i

must be introduced. Such criteria have been admirhlly described in a

paper by Rf. t. Petersen (13)but are beyond the scope of this report.

The discussed cases were simple. In more com-plinated problems

the procedure will be more involved. The operations research approach

must be used in making the final decision. It is beyond the normal

activities of the design or test engineer as now commonly assumed.

.MPIRI',AL ,ND THEORETICAL EX3TAL13HMUJT C.- MATRICES OF PI,*iWFORNMNC%

Gereral

As stated before, the first task in mobility evaluation is the

establishment of matrices of performance within the -isqumod soil-vehicle

systems. io this end two techniques may be used: 1) all. the pertinent

values may be measured on a controlled proving ground built in accordance

with ast._blished sampling techniques .in order to represent the given

typiea3 area, or 2) the values mxy be calculated with a certain degree

of accuracy from equaticns established by the mechadics of land locomotion.

In th• ftrqt c-im, tochrieuos for tha i,. y w,, uretnwr,:i •ir•



ava&lal1e. Seemingly not available, however, are proving grounds truly

representAtive of terrain conditions within the !omplete span of climatic

chanres typical of of the r'lven geographical area. Moreover, the existing

provir: grounds are beyond the control of the engineer as the tining of

tests and atmospheric changes are difficult to coordinate with research

This problem suggests the necesnlty for ccn•truction of artificial

courses for vehicle testinp whieh "old provid6 t~he ijecessary minimum

number of various terrain conditions under strict controls; so any desired

analog of terrain can be made availatle as required within the span of

critical surface conditions.

A study of this problem currently is bein, pursued by the Land Loco-

motion Research Branch of tha Research and Development Division of the

Ordnance Tank-Automotive Cmmysnd. Tests performed by means of "miniature

proving grounds" (Figures 1 and 2) and artificial Osoils"(V4clear]y

indicate that in order to have a full picture of the vehicle performance

within the whole spectrum of terrain chs-g¢,o in the given areA, It la

necesjary to reproduce from three to five soil conditions. Only when

testing vehicles within that spectrum# a camplete relative order of merit

may be derived and proper generalisation of tests performed male possible.

This is shown in Figure 3 graphitally. Vehicles 1, 2, and 3 perform in P

different way in different conditions over the same terrain. Thus what

may be the best in proving Oround A may be the worst in proving Oround B

or the same in proving Oround C. However, when strictly d-fining soils

and their relative place in the sp4ctrumi of coil changea., it in pcssihbl

to obtain a generalisod picture of performance shown hy a co.mplete curve

12
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of parfomsntes undsr the cm~ddered conditions Such a picture in not

amallblh WO'ay because of vehicle tottinig umvdr uns!pecified conditions

vhich cannot 1xo pr'op.,rly loeatW wittin the envi~rer-tt spectrum,

invastigatior~s perfor'n*d indicate that in order to reproducec a

torrain and its conditlons and to &.U*1o'wz tlh-o rropamr sp~sz In t'h. 01".

cussed spectrma n, 4 Pne t idr-ytify pertinent soil propertion, The LwAn

2Loccmotion Resoarch IUbmsortoy ham d*".op~d a soil rabio systema "hieh is

beirg u*#ed to solye a Creat vftriesT of dooffip and performwne wvalwation

prob1luw*.

?to dwvel~¶rent oif this e~wt*" also has ~~bl*A the taboratorw, to

originate a general approach to the xoe.Nmes of l~Ad lo'c,~otion whid-

hae le~d to the .etabUsh~ent, o: 4L wim!btm of eqnctions. Th*so *qrAtiors

enable the r-snowcher to tcApate pert ormaneo. 9trices whmi the proving

arou'M4 d~tt In "ot av~ili'~ble (11,15X. Altheor'ýh the eqiyAticm in qv-tA*2

MIost be t~rv~,thk% prtesent a fair orvAr of a rpctraticn ard provvide

gqnrelý si1!the-atIewA sodele of verious rhvm,,n& rertmining to loe ot.ion.

Witt, *rsrovwO#AvA 63,g2s of '"nsisht and .i' 1 4t.

A 8,),U Yr-l". ~'er"

As eip-tid in detail ink(U)AM A15)the land loccwaotiou~ soil v-"1i

wst.AM In c -rkose4 of VIMrow~~'r~

?~~tof thoto vaxvre. by womns cf vidsttn~ en,"4rpw't (PI~rtrse i4 and 5)
* t to o trictly tlhe p i1rt,.el ec r"..terjffticM of soil r~'d&-
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any moisture condition or snow at a•7 tVperature. With high moisture

contents, the soil no longer exhibits plastic behavior. Viscosity then

becomes th. pertinent mud parameter. Figure 6 shows an example of the

changes in soil consistency described in terms of ks, kj, In, a and •-

valuoes by an addition of 3% moisture content while Fisures 7s, 8 and 9

show typical characteristics of a snow cover in Northern Michigan des-

cribed in similar terms. With these valuue it to possible not only to

reproduce the desired soil condition by using artificial masses(14), but

also to establish with a reasonable a•wuracy ar desired equatiouas which

determine vehicle performance or design parwterse.

Equationp of Performance

The development of applied mechanics of land locomotion is in the

state of infancy. Nevertheless, a number of equations so far developed

seem to indicate unlimited potentialities of this approach and produce

more general answers than empirical methods. Detaild derivations and

bases of these equations of vehicls performance have been shown else-

where (11, 169 17). In this paper only a general discussion of

2imitations and practical validity will be given.

Sinkaco u of tracks may be expressed by means of the modified

Bernstein fermula assuming a uniform load distribution and rigid type

suspension.
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Where p is the *ground pressure* and b is the width (smaller dimension)

of the loading area. If vehicle weight 'd is use4 then

i a (kt+b•) ) . . . . . . . . . 2

were • is the langth (larger dimension of the loading area). The

accuracy of this equation h-s been checked repeatedly and is quite

satisfactory. Any error depends on variation of soil data ket X4, and

n rather than an other factors involved.

To obtain good correlation between the experiment and computation,

the frequency distribution of soi.l data over the measured area is necessary

and the selection of a mean value is advisable.

Sinkage of wheels. When considering a rigid wheel, a fairly accurate

prediction of a may be obtained from the following equation:

Z

This equation al"o applies in a first approximation to conventional

pne'matio tires and to soils whose bearing capacity p expressed by the

formula:

l P =l"•cmc~0.6 )r N,•.. .. ..t

If the Waee pmd pressur er beulug capaeits, p

2.



is smaller than tire inflation prjcssure pt. In such soils even a low

pressure tire will behave practically li've a rigid wheel. In ejuation

4p No and ,' are bearing capacity facto'.•. Their values mnty be found

for giver, soils in references (il, ,,o. Y is the sFepcific weight of soil

which may be assumed, in most .2se,, -s equal to 0.05 lb/cu. in.; r is

the radius of the ground contact area which is %ssumed, in the case of

conventional tires, to be almost circular In shape. If the tire is

narrow and large in diameter, the contact area will be rather elliptical

and the bearing capacity of 3uch an area should be expressed by equation:

p z ON 4 0.5'bNj • .... .e. a e a • 5

where b is the width (smaller axis of th•i ellipse) of the print.

It p is greater thn pt)then equations 1 and 2 give a better

approximation of tire sinkage. However, utmost caution and good judg-

ment in sinkage evaluation is recommended because inflation pressures

which are close to the bearing capacity of the ground pre3ent a rather

vide band and the expected values may be obtained by interpolation

between results obtained by ecquations 1 and 2.

More general and possible more accurate methods of sinkage evaluation

o.' pneumatic tires are under the develotmert by the Lamn Locomotion

Research Branch, and it i3 hoped that the unavoidable degree of

arbitrariness In the interpolation will be soon elltinated.

Uinkage of flat uniformly loaded footing resting on a thin layer

of plastic soel supported by a firm stratum may be evaluated from
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2 '. . . . .. . .. 62I

where/iI the shearing strength of the layer equal to cohesion e,

and h is the ecmnressed thickness uf the 'ayer which will mstpoort load

W resting on a strip b inches wide and X inches long.

The sinkase of a wheel or track reruires work for soil comoaction.

This work results in a so called comietion resostante which is one por-

tion of the general resistance In motion.

Cm'tion Resistanci of a flat, rigid, and uniformly loaded

gro.u!d enntact area of a trick or low-pressure mneumatie tire may be

atproximstely exrressed by:

Re_ _ Iwi (n l)/n

(D41) (kg bV) •• .... 7

Comrpietion resistance of a rigid w,'.-- is expressed by formulat

Rg~m ________________ r -~ (2n )/2)

(n#l)(k #bks) • 0 [ •.••VJ

"For rmvum tie tires applied to the bordering conditions of v apnroximately

cequal to v. . resittances must be evak]ted in accordance with previous

remarks rleted to sinkape.

In addition to eomaction resistance which is in mont cases the main
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portion of total motion resistance, the bulldozing resistance may also

be considered. The present equation, based on passive eirth pressure,

is not quite satisfactory at it contains a number of over-simplifying

assumptions(II). This is particularly true with reference to the rigid

theel or pneumatic tire. However, for tht sake of comparison, the

following equation may bt used in an estirnate of bulldozing resistance:

b i dt [ #,) + + V .. . +

2~~~ ni etonV 54

fwhere

Ka, (No-t. ) .ot2 0

X~ ~ ~ in ( N +. o 
10

A• Is the "angle of approach" of the track or wheel and t may be

determined frant

The "angle of approach" of a wheel or tire it normally assumed as the

"* angle of slope of a line connecting the lowest sunken point of wheel

27



circtufirence vith the joint made by the inrtersection of the wheel

circumference with the rrourd surface. z is the sinkage evaluated by

means of equations 3 or 4.

Although the Ke and 1b value3 is defined ibove may not express aU

the resistance encountered (11)exrerience so far gained indicated that

they offer a ftir picture of vo 4 l' calablilt:,'. As tbis picture appears

to be more rational and comprehensive than the ei,-ricil indices pre-

viously tried, It his been nften used in vehicle evaluition.

Drag Hn of wheels an~d tracks ,'peratirg in a half fluid mud resting

on a hard bottom can be det.rm1ned from equation:

Rd ,Cd ()•-,2A2) . • • • • • • • 12

where Cj is drag coefficlert, fdensity of mud, Y speed and A the

Wettedt Ire& (19).

The maxima1u32t thrut avatinble in the ground is expr*,:, by

Couloamb's equation containing a correction for the action of spuds or

treads

wiJ, (I 2) jU o6 , 13

where, as above, b is the smller andL is the larger dimension of the

ground contact area assumeA, in a first approxtration, as a rectangle.

h is the helght of the spud or tread1 and W is the load resting u;on the

28



area under consideration.

This equation is quite accurate: numerous field and laboratory

tests have shown that it tends to give values approximately 5%-10% lower

than those measurede The above is explained by the lack of correction

for grouser spacing whichi might conplicate equation 13 beyond the

range of its usefulness.

Yquation 13 applies to both tracks and wheels. The values thus

obtained determine only maximum thrust ivilable in the ground under /
assumed conditions at an optimum slippage. To obtain thrust at any de-

sire 211gRM which may occur in vehicle operation, pnoiher formula

is needed within the desired order of approxtm,ti6n(Ul)

•e ."I ,";7 '-3 ) K o to
R b( + P tan-) a_______2 _______+___

*(K2  .K 2 - 1(, 10

-K 2 ... y-' Zm3. .

.14

where K1 and K2 are slippage parameters; 4 is slippage in %.'ax is

the maxdmum of the function:

7: 12 . 2 " 4i• -- ') K1"X I- 2. .0 o 2 4K2 :I- K1 ±o ,O

and p is the "%round pressure" which is assumed to be uniformly din-

tributed. However, a graphical method developed by Weiso (20) enables
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ose to determine H as a function of slippage io which may be used foe

uniform or non-mniform load distribution.

Tests performed in snow with the purpose of predicting drawbar pull

verses slip of a nwuber of vehicles have shown quite satisfactory results

at low sinkages (20)o For high stnkaie, the r)rs.oar pull, I)?, may be deter.

mined if fr.m H-values, equations 13P 14 the motion roimtaence, P.fl

equations "7, Op 9, Is subtraoted&

DP H ( R b) . . ,. . . . . . . . . .15

Thus the "jecoffident of traction" DPI,, corresponding in concept to

the drag., ft ratio, generally accepted as one of '.he broadest exponents

of vehicular performance, may be expressed in the following forms

pa + tbnf'j/ ( Ii~ P /n

_b l/n

2p sin -ccooi JC -%K k

. ..... * .16

In equation 16, the Rb value of equation 9 has been introduced

without its last three menbers as the error thus allowed appears to be

maller than the over-all accuracy of the proposed solution. That

solution compares fairly well %Ath results obtained experimentalD for

tracks, In the case ot wheels, it is definitely Is-s accurate on account

of the ph*,ncana discussed in connection with equations 1, 3, !4, 7, and 8.
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The change in performance of a wheel forlowing the rut of the proceeding

wheel also has not been considered. Utmost care must be given to the

evaluation of soil bearing capacity in order to determine whether a

tire behaves like a "track" or a rigid wheel.

' 'pical curve of DPAi for various single tires and th:ee types of

soil consistencies illustrated by photographs located close to the

corresponding k :'(kc/b + ko) values is shown in Figure 10. Curve for

two complete vehicles is shown in Figure 11. Free graphs of this type#

ary DP/A performance figure may be correlated with the given terrain

in a DP/W matrix.

Sii-Daz curves may be computed for the whole vehicle, if the loads

W acting upon driven and driving axles are known. Idling wheels will

then produce only resistance (Rt/W) while the propellig wheels vil1

supply net thrust (DP/W)d - [(H - R)/Wr d. Hence the total DP/, value

will be:

The main problem in such computations is to k.ow the )Qk1 and n' values

WHICH EIMT IN THE RUT MADE BY front wheele or tracks after they cross

a virgin ground characterized by kI, k$, and n valves. Changes in soil

taking place under such circumstances are being investigated by the

Land Laeomotion Research Branch, OTAC. However, it has been found that

for the purpose of pure ccoparison an assumption of all the wheels

crossing the urdeformed soil also produces quite reliable results.
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Nw jktrii war *w t4b1lahod ifE the wrtion reujitanoo of the Xiven

tor1lw is b-m frau oqaý.n T, 8,9 and 9. A~suwtin that engine power

is rl; trw~irrieicu 1@epp* the mwdtxa speed developed uil bat

rPiwp~s, if spoed is dotre.r'iad b7 the throttling of the engine vit'x

the prrpoee of av%4edir tafte4elve vihrotioe Pye hi ?cmor tUrrvn and Dot

by the w~Lr of t*mixtenee,. then the d~iteradnation of anch ripqedir iiet

be porfemM in acov~dnwo3 with o.thodnx autaMUti* VIn"ering proceed-

=,adeupilbe' Is ^fe'-wi2.U1 or thgeengh tbo #Am~tiau of vv~ic1,

Tilomtle-o by Pqt cl an awdlos cc nutn' appring cartein criteria of

rift. To thi tdands the Ceenmtr 7 of thq o: -A furfacQ. %nd

Its w-c e.-wjrnm (21) tm*ut be kvrm'v' Th* Liand Locomotion Revearch

Uhorito-y Is .eyw,.d in sk &Wr~ of this problem(22).2'ypi~al graphs

ro~tir'g mV1-ie bawr-. s-Vlttý- en1 epeed to the pk,.-Ucl"i~ tarrain

Awevv 1-i given in rigo-op it *rA 13 as eanpiit~d to feference 22. tlpen

doterw ilnti tthe upme4-r Aent"",. st., fri tioni KAtrx V-7

be **rb7dlTw for the Cive~n terrain following wall este.blished

proo4"vres divertbod. .4A- refirne 1. K*ILMvipng the diistances ean tank

csp~eiyt~ i~r~@of setlon roktrir also may be autc~atica13l' defined,

The qrition of vbd-t*pror"ne doom n~t pres~nt difficIlty

ov%-% tloe Cowitry of -lb;4eaclo is krv- nd t2*heir dirtribtito! aaa-ied

(ii,2V ~fr~t~sazxi? Wft~bi~ity of ppmotritbl* obfftacles are usna12l

exreisol iV' terms of %9livtotims poits Iirg to obwt*cle goc"*#9ry. It
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I

maV be mentiored that neMotiable slo,• ntatrix is given by DPt.! matric

which in principle expresses the tangents cf slopes accessible to the

vehicle. Impenetrable obstacles which will affect iverie speeds be.-

cause of the necessity of by-passir'g then have been discussed it, ref-

erence 24.

The diacussed method of rerformance evwluattion ij b ted on the

knowledge of physico-geometrical terrain properties and enables one to

determine any type of comoosite Lerformance, for inttancejfuel consumption

per ton mile, momentum of load x speed (cargo delivery rate), Actual

fuel cons•mption in no-refueling area when fuel hae to be carried in

a convoy, cost per ton mile, etc., as was demcnstrited before.

Samples of this type of evaluations are given in Arpendix I, in a

general form, and in specific numerical examples. Anpenjix II gives

an example of another operational evaluation of mobility of a hypo-

thetical family of rigid wheels with a number of parameters changing

within wide lim.ts in various sot" conditions ranging from very 3trono

to very loose.

It is apparent that this type of mobility evaluation requires

enormous amounts of computations. To this end, electronic computers

are of irreplaceable value because even in the dases of most corplex

terrain characteristics, value matrices may be programwed with relative

ease and may be obtained quickly %hile changinp weather par-met.ers,

for instance (which is imiedVitely fed into computers by appropriite

C, $, ko, k•, n, k3, K2 values). Similar charpes in veh',cle lo,,ds or

geometry may be Introduced.
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Tests performed by the Land Locomotion Resepwch Branch with the

asn1 stance of the Computer Section of the Ordnance Tank-Automotive

Camand encourages one to hope that upon further developing the land

locomotion mechanics and exploring the world soils much testing and

exeriAnetation with full sase vehicles will be eliminated. Savings

in time and money would be enormous. Faster, cheaper and more flexible

*proving . 53undS progrmned in a high !p..o computer may -definitely

replaeo the present test track& to a larg. extent.

This is one of the great potentialities of the proposed method.

Thq simulation of enviro.nental and vehoile nonditions electronically

has boon used extensively in aeronautical and naval enginoering. It

appears only a matter of time that the ame .'11 be used in land loc.-

motion, To this end, however, more rapid progress in a systematic

stu4 of the meahanies of soil-vehicle relationship is needed.

~CONCLUSIONS

1. Mechan:cal Mobility of a motor vehicLe may be defined as a

product of the operational optimiation of performance values vwithla

the phystoo-geometrical content of the soil-vehicle system.

2e Such an optimisation can be conducted in a nimber of ways

depending on the type of wsuners sought.

3. There is no single true definition of nobility but an infinite

"number of useful definitions.

Ia A single method for the determination of such definitions can be

esta'lished and must be adopted in order to elimate the present ambiguit-

ies in mobility and design evaluaticn.



. The usefulness of that method is warranted by the established

principles of applied medhanics and operations research technicques.

6. The method is based on soil values measurable in physico-

geometrical terms, and on vehicle performance matrices.

7. When determining the matrices of verformance on the proving

grounds, the latter must be mclernised and adapted to the new requirements.

8. When using theoretical methods and mathematical modelS3 as

illustrated in this study, there Is no end to the possible improvement

of the generality and accuracy of procedures discussed.

9. This Ln result demands a continuous develor•ment of the

mechanics of land locomotion.

10. The full developent of this mechanics based on experimentally

verified faits will lead ultiately to the more extensive determination

of vehicle nobility by means rX electronic computers.

11. This will bring enrmou. savtnrs by limiting the full size

proving ground testing and/or by eliminating the absolute necessity of

having the "hardware" matmfactured before it. preliminary value can ba

assessed,

12. Thus the discussed concept of mobility will make possible the

economic study of new unusual ideas whose development today cannot be

authorized because of nmnroven merits which could be hitherto discovered

only by costly experiments.

13. The method illustrated here also enables one to study whole

families of concepts before any particular idea is sinpled out for

development.
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RLJ).E?:D ATIOU;3:

1. It is recaeanded that the development of land locomotion

mech-tnics and the introduction of orerutions reseirceh techniques at

the design evaluation level be hastened. In particular it is recommended

that:

2. A single soil-value system b,sed on stress-strain measurements

In slinrage and sinkage be adopted without delay.

T. Terrain measurements and soil cataloging based on these

measurements be started immediitely, and

4. Now coneepts be first evaluated theoretically by usitig the

proposed mobility definitions before develoyment programs are established.
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In deciding which type of vehicle is hbrt in transmortin, a rayload

W, from a number of available typei, it is recessary to know the cri-

terion on which best is based. In one inustance sneed may be the cri-

terion, i.e&, the best vehicle !s the one that will transport the pay-

load W. from its present location 01 to a new lo'.ation 02, in the

least amount of time. In other in3tares conservation of fuol or cost

may be the criterion. In still others the certainty that all of the

payload -All arrive intact may be the criterion. i.e., the vehicle

that offers the greatest chance for survival if the trn- would be best.

Almost any standard may be the b isis for deciding which tyne of vehicle

is best.

The abilities of the different types of vehicles, relative to any

criterion, vary with the terrain anC the tr:afficAhility of the soil

encountered. In the following discussion we will assume that the

trafficability varies primarily with wa'ther conditions. Ard it is

therefore poqs5.ble to determine the best vehivle to use in trans-

porting a given load over a desirnaited dist-ince, if we know the per-

formance values of the available vehicles for the various terrains

and weither conditions that are found In tle area.

The following notation will be used throuphout the discussi"mn:
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D a The distance to be traveled betwesn locations 01 and C2 .

W t The weight of the payload to -e tran.iported.

J 3 TheJth type of vehicle, jl, . .19

yj c The yth vehicle of type 3 yJ1

Oj i The orlginal ',ost of the Jth vehicle.

af 1i e cost per gallon of fuel for the Jth vehicle.

vj t The welght per gallon of fuel for the Jth vehicle.

A i The total ar-a of terrain to be covered,

Bik t The ith terrain wider climatie conditions k,

I• . .a oN and k a ... #K

a1  I The area of the ith terrain.

Pik i The probability of findine the kth climatic condition in the
Ith terrain.

VT kj h Tho epoed of the Jth vehicle In land condition Ik.

R~kjt The range of the Jth vehicle in land condition ik.

HK i ?he gasoline tank capacity of the Jth vehicle.J
vtkit The payload of the 4th vehicle in land condition Ik.

SikS # The life expectancy of the 3th vehicle in land condition 1k.

mi" 1 The miles per gallon of fuel of the jth vehicle in land con-
dition Ik.

tj(x)o The maintainence cost function as a function of hours traveled.

0 Rik I The nm oe of hours traveled in land condition iko

3X i The total number of hours running time for the Jth vehicle.

vI The asp* of vehicle yj in running time at the location Oo

Sqj t The maintainence time required per 100 hours running time for
the Jth vehicle.

Qj t The time required for a major overhaul of the Jth vehicle.
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tf, I The time required for refueling the Jth vehicle.

gfj a Th,- nume-or of refueling stops required for the jth vehicle to
traverse the distance Do

Wf• s The weight of the required extra fuel per vehicle tu be carrIed by
j -the Jth vehicle,

a4k s The numuer of miles of land condition tk encountered.

Uj s The total number of gallons of fuel required for the jth vehicle

to traverse the distance D

Tj s The total fuel cost for the jth vehicle.

Cj i The cost per vehicle to move the jth vehicle from location
01 to 02.

J s The number of vehicles of type 3 required t1, transpcrt the payload /
W.

TCO s The cost to transport the payload W over the distance D by
the jth vehicle*

Tj a The delivery time for the jth vehicle.

The following performance data is giver.s

Dietance to be traveleds D

Weight to be t•.ansportedt W

Original Coot ej

cost- 24 am -
Vehicle j CI • _••_ .. _1

I 11 II IIe I ii i *Mj

Fuel Cost per Oallons

Vehicle I II .,0 3 .f. fe
cos - - 1 -i- IIo~t ""___ I~.A ...z1

A',



Total Area of Terrains A

Area of terrain B : S
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p -ob sb ll lt y o f p l ad i g La n d C ond it ion s ik p ilk

k1 2 k.
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b 0 v 0* 0 *

12 1202 0 02

1 ~ Y 000 *.

1 211 T l TI212 213j 2KK

* 0 0 0

Ii vi Il1 12 113j uNi

________ ~ 11 ~ 22________ ______ 472



YehicloA/tbndit tons____

B V

1 i4k ~ irk I Vcr2 -V_____ ___

uir~o In Wies: ik

31k ~ lk1 Rlk2 Rlkj 006

T2k it k1 p ?k2 0002kj 0 k

ftt ft.

1k IkI 1k? 0 k 6 M

a 00 see

wtk Iki mkm

k * .7 .K.

Gasoline Tank Capselty:

1~el 00 - 0

~htcl I Iu } oe J.wee

Ce2 iy R ___________ iz,.



?ay)."d In Pounds: Vlkj

Vehicle I I j N .

~~1kse w~~ . *a& V1 c
A- -'~ lk.1 -. -

hk -k I Ik iIkx

DI w 0i0 ~ 000 **

k m 1, 2v o *. la

Lift. Wxrct*%CZ of the Vehicle In Niles. Lak
vehicle 1 1.0 0

a1k LI Mi L1 k2  000 L lkj 00 TgZ

2kL? L 664 L *04 L

3 L L ... I L 000 L
1k Irkl ______ Wk.3_____

k 1.~ 2. . .
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Naintaimenee Tim per 100 Rnure of 1%n=1itimes qi

ehicle I II ., J ...

?ti= 1WquiVd to Urofi: Lf

hlelo i,

Nourg tl tt,. t7, tN

MOBILITM ACCORDING 70 TTME CRITERION

Let time first be used as a criterion for choosing tk3 most 5sobIle

"yehicle. It Is assumed that theos Is an unlimited number of vehiolei of

each type.

The tim requhwe to traverse the distance Pu. betwees locatlons 01 and

02 ovsW the area J, is dependent Upon,

(1) the 2uaMig time.

(2) the refueliag time. and

(3) the miatalmence time.

The key to deolding vhieh vehicle is beat Is the number of miles of

each land condition dik enceuntered In the distance D beotwoc locations

01 02.
dtk A It ike

Omee these disteaces *ik are ebtalmd, the time fellows directly from

them.

(1) ••. nrumial time Ij Is found by dividing the distance to be troveled

5• .. . . . .



in each torrelm dlk by the number of milos per h.ur V,,, avevorad 1y the

Jth vehicle in that land conadities,

1)D 1 Pk 1 hours

This glus t". s•r of hours of runm•ng time lkj required to amvorso

each type of 1lad cedltlom. 5w sanm tion of all such land coadltions

Elves the total 2'MnIAn ttimý Xj nquied to t'-,vorso the distance D.
I K'

zlkJ 1 k hours

(2) To find the refueling tim dIvii. the distsanc to be

traveolod in each land condltion d by the ringe in each torrain R1kj

I e k I
r " lkj

This gElvs the aumber of tanks oa : 1 ` onsund in ce-h te•rit!. ws

umatlmg of all wuch land enditions gLives the mnmbor ef tanks of f•ol

5 + I re©ssa817 to traverwo the distaneo D.

3, + I - -- DeiPik taenk o fuel

Sloew the vehicle starts from the loeation 0 with the Paseoln task

filled, the umber of ref•oling stops 1i 1. tVereform the refuoling

tit to
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N K
tfJN a (tfJ)5 '7 D a i k P i- hours.

A RikJ

Where tf is the time required for each refueling of f.he jth vehicle.

(3) To find the maintainence time, divide the maintence time per

100 hours of ruining time q3  by 100 hours, ans multiply the result by

the number of hours 3 required to traverse the distance D.

q D ap Pi hours"1

A Vi.kj

The sun of the preceding three amounts of tmie gives the tot4l time

Tj required to transport the paylobd W betorecn the location 01 and 02

by means of the jth type vehicle.

N K N?Tj _--- -"D Ai Pik •"(tfj) T•- D• ai Pik -3. )

N K
SD a1 Pilf

A Vl -
Aikj

Or by combining the first and the last teiin we geta

() V q D'Li a

a (~~ IA V N K~apk-M ikj + (tf) •"' i p -
___________n x A'Ikj

1 Noe Xnnlx I
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The mtnitui of th'ý Tj for 3-1, . . * , t, gives the best type

of vehicle to use in transporting the payload W a distance D, through

the area A.

" MTiLlf ACCORDIAG TO CuOT CRITE.RON

There are three major caste involved i;a operating a vehicles

(1) The cost of the fuels

(2) The ,kprciation coat, and

(3) The maintenance cost.

An in the case where speed was the criterion. the distanct=c dAk
/

d -k Dai Pik

encountered in each land condition betveen 01 and 02 , are the basis

for calculating the cost,

(1) Ths fuel cost per vehicle is found by dividing the distance

to be traveled in each terrain dik by the num-ber of miles per gallon

mik attained by the jth vehicle in th.at terrain.

D l Pik g allons
A mikJ

This givbs the number of galons of fuel required to traverse each type

of l-nd -nnlIition, The sumation of all such land conditions gives the

total rurter of gallons Oj required to traverse the distance D between

loeations 01 and 02.

Dom~ ~i Pik_ - gallons
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Then the cost of the fv.,el F isNj

Pj = (f) • i _

1=1 k=1

Where f is the co:,t of Lh: tutd1 per gallon.

(2) To find tho ,Je,,,c|'tiun cont Per vehicle, divide the

distince to be traver' ed1 in each terrain dik by the life expect-

ancy Likj of the vehic]e.

D "I Pik . 1 - Life expectancies /1

,T Likj

This gives the fraction of the vehicle life required tL traverse

each type of land conditions. The summation of all such land con-

"ditions gives the total fraction of the vehicle life expectancy

required to traverse the deseinhted distance D.

N K

l l D 41 Pik Total fraction of the life expectanq.

-I k=l

Then the cost due to depreciation is

(e L Daipk : P"
i-1 k= i kJ

%here ej is the original cost of the jth vehicle.

To find the maintAinence cost, it is necesnary first to

find the runni .j time X required to cross the distAnce D.

The divi.lor. of the distance to be traveled in Pch Iand condition



dik by the numbor of mileu per hour Vikj averaged by the Jth vehicle

in tait land cot.dixton, gives the number of bours of running time

xikj required to traverse e@ich t.re of land ccndition.

Xikj= D~a pik . ..Xjkj x k 1 hours

The summAtion of all such land conditions gives the total running

time Xj required to traverse the distance D.

N~ ~ D aj Pik hus
Lj = : Xikj = A Vikj
i-l k=1 v~ EI

Now let us assume that the ages X , y a i, . ,

in running time at location 01 of the type j vehicles are evenly

diqtributed between 0 houre and L- X hours. 2 Where Lj is

the life oxpect&ncy of the Jth type vehicle. (We want to exe.lude any

vehicle thit will reach an age equal to its life sxpectancy during the

trip. i.e. o 4 ehould be less than Lj for all Veh!izici.)

Then the average uaintainence cost per hour of running time is

g (Lj)
Lj

".%ire g(Lj) is the cost of mailntaining a vehicle for its entire life

expoetancy. The maint.ainerice cost, then is Just the average cost per

2 3iee Anfipx II.
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times the nurnber of hour:3 Xj reuu~roi to trwverse the di~tance D.

g(Lj) (X) £iL
L A Vlkj

i=1 k=l

The sum of the preceding three cost4 rives the tot.l cost C

of moving one of the type j vehicles from location U to location

02.

N K N K

iml ifl kal

N K
S g(Lj 2 'D &i Pik
+. A V~k
Li i=-1 kal Jk

J is the number of vehicles of type J required to transport the

piyload W,

W
Mir w wf

Whero min wi le the payload that the jth vehicle can carry in the most

restricted land condition. And Wfa is the weirht of the extra fuel that

each vehicle of the jth type must carry.

Wf - (G - A

Where G is the number of gallons needed to traverse the distance D,

H in the. fuel tark capacity, and &) is the weight of the fuel per
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L, lft~:~ o- t 1cn5 L, `2 is the -cqt of r vinp cn vehicle

f ro- to v U tI~mei th'p ruL:r'..r or vebitiif's .1 ne~f-del to narry tho

TC Ci

ft 2... F
~~~ 'ikitkj

g L j ) N K/ r) a ' P i

The minl:-ua of' the TFr. for M, 1.* Hgivesthe best

t"p of vehicle to use i.n trsensl'orting the payload W a distance DD

throtugh the area A.



1. In general this expression for the maintainence time will hold

only for lourneys with running time Xj less than 100 hours. For

zunning tines greater than 100 hotrs, we must add a term that allows for

a major overhauling of *koh vehicle every 100 hours. Therefore for

Xj  groater than 100 hours, the maintainence time is

S " 100 1"+ hour0,

Where Qr is the time needed for a major overh&uling of the vehiole.

By cembining terms we get the maintainence time to be

0 0 J) ft q 1 0 0A V ikJ
ill k-l
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2. To be completely correct here, it would be r.ceissry to a•.

puts the miIntainence cost for each vehicle yj and then to take the

sum of all vehicles.

If Xo is the age of vehicle yj in rwnning time at location

01, then the maintainence cost for yj is

S( + I - S(Xo)

The mation of ill the individual cosets gives the total uaintstnenoo

cost associated with crossing the distance D.

(g(I(,+ Xj) ( ) )

Where J is the rumber of vehicles of type j required to transport

the payloaAd W,

JEwl
2~LI) -Wf~

It is felt that in most oases the nges Xo of the vehicles will

cloeely approximate an even distribution between 0 hours Aid

L - 3 hours. The assumption is made to recilit-te coIutation.

Ani because ij man, instances the Individual vehicle histories may not

be available.

It the apes of the vehicles are known approximately, appropriate
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modificattions an be made. Consider the eaqe where all the vehicles

of type j are new, i.e.

:o 0 it , ... Jo

then the average cost per hour of running tive w.

From this point on the procedu. Is the same as in ,ov- original

asmoption.
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To illustrate the procedure, let us consider • hypothetical case.

Let the objective be the movir.n of a payload, weighirg 96,00. pounds,

rrom its pve!;rt lo,:ition U1 to a new location 02 500 miles away.

Lot the are% covered be a strip ten riles wide fron 01 to 02. And

suppose tha+. there are fTor types of terrain encountered in the area:

B1, a hard emonth surface with fair drainage,

B2 , a soft smooth surface with fair drainage,

B3, a hard medium rough rurtaie with good drainare,

and B4, a hard rough surface with good dr•lr-tge.

The percentage, of the total area, In etch of the four terrains

encountered is based on trafficability mAps prepared in advance. For the

sake of the illustration, we will asmiume thi$. e;%ch tyTP, or terra~n has

three deCrees of trafficability which vary with the moisture content.

And the moisture content probabilities are rouph estii-tes based or the

number of wet and dry months in a year.

We will also amsume thAt we hive two types of ehiclee from which

to choose; one of them a tracked vehicle 4nd the !'her one a wheeled

vehiclo. The performance d-At- for the-a fictitiou vehiclos ars loosely

patterned alter a Cargo Vehicle M 76, tracked vehicle, ar.d a 2 1/2 ton

cargo truck.

First let us determine which of these will r-quire the least a-

*Rint of time 6.o trans-ort the ptyloui' rrom locatinn C1 tL). A d

second dsterrmine which will coit thm lfeit to trir.ij-ýort t.he p~yload

6?



fru04 01 to 02e

In the following data we will denote the tracked vehicle by I

and the wheeled vehicle by II.

The following performance data 4 a givent

Oriet"In costg e1

Vehicle I _U

Cost $4#0800 i+,00

Frel east per gf.3AMon f 3

Vehicle I

Cost $.35 S.35
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ruoi weight per gallIon- j

Vehicle - ¶

Weight 5.3 lb 5.3

Plerntaitep of the total are^, in each type of toritn1

Terrain Percentage

B 16.9%

j B 23.7%
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Probhbility of ftinirn lind condition ik F lk

Dry Intermedlite "Wet

Terrain( ).. (() .. ... (!_3)

B .35 .25 . .. ...

.2 .25 .25 .50

3 33 .32 .35

B 4 .34 .32 .34

Speed in miler per hour: V kj

S, • e ,U I

1312 )5 50

823 22 40

B21  20 10

1322 18 5

B23 15 3

B3 1  15 8

12
10 5

"B33 10 5

B•1 0 5

"B42 10 5

5B 5
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Range in mi.ise• Rikj

IIiII II II I

B 200 350

B 12 160 350

B 13  135 280

B 21 200 175

B 22 180 87.5

B 23 150 52.5
23 |_ i _ _, i i

B 31 160 262.5

B 32  130 1.61

B 33 110 161

B 41 135 105

B 42 135 105

B 43 105 105

Gasoline tqnk capacity: Hj

Vehicle II

CAPICIty 50IM g . 7 35 vl.



PayloAd in pound3: Uikj

p e hi c ;e0
Ti•rr .. . .-

B 3000 Ab 5000 lb

B 12  2500 lb 5000 V2

B 13 2000 lb 4000 lb

B 21 3000 lb 5000 lb

B 2 2  2700 lb 2500 lb

D 23 2250 lb 1500 lb
min

B31 2000 lb 2500 lb

B 3 2  1600 A 1560 lb

B 33 1500 lb 1560 lbmin

4101 25001lb

B 4 2  2000 lb 2500 lb

B 1200 b10 2500 lb
4 3 l60 b 2500 lb
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Vehicle 1
B1 1  J30,000 50,000

13 12 25,000 50,000

p 13 22,000) 40,000

B 21 20,000 10,000

B 2200 5,000

;3 23 15,000 3,000

B 3115,000 A,000

32

32 ,000 5,000(

B 41 10,000i 5,000

~ 4o 10,00 5,000

B4 3 3005cX



Eiles per rdilon: Mlkj

Terr• J ili i

B 14.0 10.0

B 12 3.2 10.0

B 1.3 2.7 8.0 /

B 21 4.0 5.0

B 22 3.6 2.5

B 23 3.0 1.5

B 31 3.2 7.5

B 32 2.6 4.6

33. 4.6

B •1. 2.7 4.6

B 12 2.7 3.0

' .1 3.0 0



Maint&insnce cost. for the life of the vehicle% Sj(L

Li 1,000 lKours, for j 1 1,2.

cost. S 1,500

Kailt&1*inece ti.. per 100 hours of running times qj

F Vehlolo _______ I

,Hours 1 0

Time* ro ir• to refuell tj

Vehicle 
I

)our s .5 .25
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Th" time revuiiir'd for the jth vehicl- to trins-ort the payload

a dist.ince L is givtn by:

a 
. ý

isl k*1

V K

(tr )( K T A IRlkj

-11 k-I

Therefore we must first find

A

then we must obtain

N K 1; K
D Pj nd D 41__Pi

-'A, Vi 7 E. A Rikj
iml kal ijl k--1

for J m 1I, 2, 3, 4., k 31, 2, 3., aid j a I, II. Once they

are obtaindo, the tlse required for the trip for vehicles I and II

follows quiekly.

71



Terrain a Pik D &.I Pik
=_ .--- _--- A

Bi. .01.33 6.7

912 .0095 4.8

B.o 0152 7.6

B21 .0422 21.1

822 .0422 21.1

B23 .084542.

BI .1835 91.7

B32 .1779 89.0

B3 .1946 97.3

8410806 40.3

S42 .0759 37.9

.0oo06 40.3

1.0000500.00

7?

S.. . . . .. .. . . . . ,, , , .. - .. .

I - . .4m I I



D i PikA

A Rik

Vehicle U

errai__________________

"" B, .0.3 .019

B12 .030 .014

B3 .056 .027

"2.1 .6 .121 /

822 .17

B23 .202 .805

B3.1 .573 .349

B32 .684 .553

B41 1298 .9

422

B43 .384 .384

3.729 1.862 i N+ I

7,

I 4 I •,. II



D a Pik hours:

To""

TeriinI II

F•j .222

B12 .190 .095

813 .345 .190

"211.056 2.W1

"221.174 4.225

B23  2.817 :A.o85

6.116 11.468

!32 7.413 17.792

iB., 9.70 19.460

B41 4.029 8.058
u *i i I l. .. . . . .

P3."92 7.584
m i

""3 5.036 8.058

41.920 93.258 hours

7P4



Vehicle110(

q 1 +_14.2/1#?-)9.6
Hours 4 16.11 96.05

A Aikj

t=2 kk-'

Vehicle I II

Hours 1.5 .75

7,



A Vikj

iml k l ikj

Vehicle I II

T (hours) 47.61 96.81

Therefore in our Illustration, when speed is the criterion, the

track6d vehicle is the best one to use.

The cost, per vshicle, involved in transporting the payload a

distance D by the jth type vehicle is given byt

c N Ki aD Pik (0.) D ,i Pik

g(Lj) N K

N x6
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Therefore in addition to

, D a i Pik

A

DanIdi

vhich wm obtained in calculatnng the time, we Trust also obtain

IZD at Pik

and

N K

-L A 'Lt

for a 1, 2,3p,3 k.1,2,# 3p and J a 1.

7?



A Mikj

Vehicle

S1.663 .665

B12  1.484 .475

k3 2.815 .950

"221 5.281 4.225

/B 822 5.86A ,.450

B23 14.083 28.167

B2m.669 12,232

B3 34.215 19.339

13 3.227 21.152

"841 L4.922 13.430

14.045 12.640

843 19.IR6 13.430

135.155 : gallons
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In our illustratico we have assumed that the vehicle life ex-

pectancy depends only on the running time. That is, the life ex-

pmetancy is inderendent of the Limd condition being traversed. There-

fore the running time Xj divided by the life expectancy Lj gives

the fraction of thd vehicle life required to trav6l the dist.nce D."

Hence we can replace

jul k-=l

Fraction of the life expectancyt

Vehicle I ..

Lj -. 0O 1000.000

-Fraction .041920 .-.. 093258 J

-900e Annex Ill. "

?9



t likj

Vehicle I II

(fro ) .35(186.46) .35(135.16) J
Cost J 65.26 4 47.31 J

(ej)L '
L

Vehicle I n

(0j) mw 13Cx( .%4192) 4000( .09326)

Cost I 335.36 $ 373.03 r

g( )

A VilI

L1 1.5(41.92) 1(93.2 6)

cost o' 62.t" 1 93.26



C1 (f A V ik + -

g(L D...... ..

j ehicie " I' II
,,1~~ l i iPik i i I

C3  I 4 463.50 .3 513.60

/

The mmber of vehicles of the jth type required to trarsport

the payload W is given by:

w
Min Wi _ lf

V1  : (o - Hj•, :

f (G i J)" J-. .

Vehicle I II

(Gj H i )(.,j .1M*46 - 50)5.3 (135.16 -.••.3

Wf 723.24. lb. 530.85 lb.



min wjTi

Vehicle I II

ii . . I ii .. g i i ii i i Iil

=:In wi - .... 6. 00 , 96.oo .,
7232 1500 - 530.85

w
aV -i .. I-4 ....

LtL

juD ol u

L I t A VAkj mi 1 w~

ia m- -- -- i i i, i ' '

Vehicle 1 I1

C .. (163.50)124 (513..60)100

TVC 57o474 5s36

Therefore io our Illustration, when cost Is tho eriterion, the

wheeled vehicle Is the best one to use,

II2



3. In gent-ra~l we wotild hav'm to obtain

Aikj

byftinding

for each lland con4ittori, ýard tisen swumming :tbc'i all up.

P3



D 41 P'ik

A LIkj

VehicleI

.o0002 .00013

B .00019 .00010

813 3 .. 0034 .00019

""1 .00106 .002n

""2.200117 .00422

B4 .00282 .0140e

1 .00612 .01147

832 .0074 .01779

Eý3 .00973 .01946

L .00.. 03 .00e,06

P42 .0039 .0075t

B43 .00504. OM6

.C4192 09326 iiractio
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It is easy to extend the information thus obtained in calvUlating

the time and cest required to transport the payload a d4 stance D to

the following:

(1) The mount of fuel needed to carry out the operation is G.

(2) The average operational speed is

for the jth type vehicle.

(3) The average running speed maintained by the jth type

vehicle Is

Xi

(4) The delivery rate (i.e. the tons per hour) for the Jth

type of vvhicle is

W

T.

(5) The fuel consumption per ton mile is

0.5-

for th,9 Jth type vehicle.

These are only a few of the values that follow immediately from

the considered example.



L

ApPFVDIX II

wi load on *eel, including whodl weight

(R, due to COMpaetiOn

R rolling resistance Rb due to bulldosing
Rd due to lateral drag

D Wheel d~nte

b wheel width

5 length of rotaznplar Contoet areas a a D sin a

Z uinkag

p groud prc~.s•

k sinkage coefficient

n sinkage w wpvit

ke cohesive modulus of dformation .k

ký frietLonal"modulus of deformation b

H Ptlins foroa or tractive effort

Dr drawbar p'l,: DP r H -. R

A contact area

0 eohesion, psi 
I

friction angle

Y soil densityp lb/cu. in.

wTirsaghI corlstants,3 functionf Of
0.

r radius of ,ircul- r contact ar, ,ea r ½1(b,) for . :2
r r ob
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MOBILITY O A, FAMILY O? RIGID WHEL IN A SrECIFIC VARIETY OF SOILS

?he problem is to esaluate DP/A in various soils for various size

wheelc and various loads as specified in the text. In conformity

with the previously outlined theoretical establisbeent of matrices

let @we of the pertinent procedure be repeated for the sake of clarity.

1. Cotact Area And gnli of Amroach

The contact area is assmed to be the area determined by

the intersection of'.the wheel with the plane of the surface. This

area his a length, s, and a width, b, the 'wheel width. Hence,

A. eb

The .round pressure, p. is assumed to be applied to this

area, so that

A = W/P

The angle of approach of the wheel is assumed to be the

angle between the surface and a line tangent to the wheel at the

surface, as shown in Exhibit B-1. Accordingly,

a* oil -(I- 2Z/D)

a. D sin a

g7

/-



M•IBIT B-1

Assmed angle o approach and contact length

x. D/2 - Z

sin (go - a)-u /a-s, a
-l (1 -

SD eos (00 - a) a D sin a



2. ReasonAble '..heel Loading,

AltOrough only rigid wheels Are beinig considered in this

analysis, some attintion should be given to the magnitude of the load

assutmed for a wheel of given dimensions. 4 'uick method of e:itimat-

ing this maximum load was obtained by plotting some data obtained from

the Goodyear Tire and Rubber Company (see Exhibit B-2). The product

of maximum tire width and diameter was used as an index of losd capacity

and the following approximation war obtained.
/

w -597( Db 1.26 ()

The reader may wish to eliminatG certain combinations of wheel diaeter,

width and loading on the basis of equation (5)1 howevrr, this was not

done in the tabulated results.

3. Coptr Procedure

The aceplete procedure used for Onmrutlng the drawbar ,ill

of a rigid wheel is outlined below, along with valuetm of inr-jts um~d

in the simple edleulations.

a. Ino•ts and Valtee Used

Input Values Upt4

k 5, I.e 2!5

n 0.5, i, 1.5

S0, 0.5, 5

00, 100, 300

D (for W 1OO0) 20, 50, 100
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D (for W• 300C, 5000) 5C, 80, 100

b 10

.06

(1) 31(i) Z kb(o-n) "D

(2) a cCes -1 (1-n.-)

D

(3) uD sin a

(4) A ab

2n.-2
IW1

(5) Re 2n+-2

(3-n) nlvl (b'

(6) Ke0  (No - tan ) co02  F e. NrarS given tor

each valui of(7/) K•, 2W 4- ])Co,2

(8) t ztan 2 (45 /2)

.,;,,,. ( 2ZcXK p '-. 2 ty )( 9 ) R b 2 - s i - * i2 sin a cos 0

540 L tan(45/2)

(10) H Ac, 4Wtan
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(11) bp = H -1 ,- b

The equafions for -,tern ýl) and (5) - (W) rreviously

dlerussed. The ecuation for Rb was simplified when it was dJ•covered

that the thtix term eontdintd % trigonometric exrrission equal to

unity:

(1* tan2 (45 1 #/2) cos (45* /2)a 1

4. Performance Criteria

In addition to drawbar pull, several other performance

criteria are of interest.

a. Drawbar Pull per Unit of Contact Area

This is a measure of the efficlency with which the

oont~at area is being used. It is obtained from the ratio DP/A.

-_abar Pull Lor Unit of Load

This Is a meagure of the slope-climbing ability of

a wheel. It is of interest te see how DPA/ varies with wheel diameter

and with approximate wheel volume (diaxetr squared).

as Rel•ive Rpn e or a Wheel

"The larger a truck, the larger its fuel tank." This

is veriflad by the present family of military cargo trucks, as shown

by Exhibit 9-1. Fuel capacity eAn be ansumed prorortional to gross

Weight.

Piel con••ptJon (gal/mi) is pw•9-nr•.onai to rollir.g resistancl,

Since rarge is equal to fuel capacity divided by fuel consumption, the
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"relative ran-" of a utftel can be approximited by the ratio of It I

to rolling rosfstance (fuel capacity per wheel assumed proportional

to load). Hencee

Relative wheel range s W

9,



LXHUBIT B-3

FuPl capacity of military cargo trucks as a function of gross weight

÷ +

L)f +

.3

Oiose Woeiht (1000 ib)

"4



This criterion only holds for families of vehicles which have fuel

capacities proportional to their gross w*1ght.

5. Results %nd aondusions

The procedure outlined in section 3b wat used in making

some sample calculationsf, covering the values of inputs given in section

3a. Several thousand crises would be neceseary in ordor to draw complete

sets of curves. Due t, the preliminary nmture of this investigation,

the computing was held to a total of 576 cases, which was sufficient

to show trends and the relative importance of the parameters kI, n, c,

0, D and W.

Because of the number of parameters involved, a great

matrices would be required to show all possible relationships ,otween

parameters. The particular trend desired can be r"adily obtained by

extraf:ting the appropriate numbers from computed values. As an example,

the effect of varying each parameter separately while holding the other

parimeters at mid-range values is ihown in Exhibit B-5. Negative vilue.

of drawbAr pull are included to show the trends throughout the rar.nge

of values considered.

No definite conclusions can be drawn from !xhibit B-5 because

it shown only one possible set of relationnhips. However, the trerds

irta.ia'ted can be followed up in more detail by reforence to the

til, il ted data. For example, the a,1vantart of Irw wheel loading SCom ..

!sold for all typ•s of seil ird fcr all whee.l d1rvneters. Increasing

whoel diamoter (at constant width) showi iiprcvement of performnene
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F.MIRflT B.-5

The effoet on draw'ver pull of a rigid wheel of vArying each parameter

sepriAtely while holdirg all other parametei a at inoarmediate values

• o

5000

D

000

0.96 /W
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In all cases. This Illustrat*@ the role of particular dimwnsions of

tho vheol In its ovar all mobility.

t,9

/
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